experimental results under a range of conditions. The findings indicate that the electrostatic sensor array can measure the moisture content in the bed with a maximum error of ±15%.
X0
Initial moisture content.
Introduction
Owing to the advantages of good mixing efficiency and high heat and mass transfer rates, fluidized bed dryers (FBDs) have been widely applied in chemical engineering processes to remove the moisture content (i.e. the weight of water over the total weight of the particles) from raw materials or final products [1] . The control and optimization of the FBDs are important to improve the product quality and reduce the energy consumption. For example, drying beyond the end point will increase the frictions between particles, result in more powders and affect the quality of the final products. In order to control the drying process, reliable methods to measure the moisture content and flow behavior of the solid particles are needed [2] .
There are many types of methods available for the measurement of moisture content and flow behavior of solid particles in the FBDs, including pressure fluctuation [3] [4] , acoustic emission [5] [6] [7] [8] , electrical capacitance tomography (ECT) [9] [10] [11] [12] , microwave resonance [13] and triboelectric probes [14] [15] [16] . Aghbashlo et al. presented a review on the techniques to monitor and control the fluidization quality in the FBDs [17] . The advantages and disadvantages of each technique for moisture content and flow behavior measurement were presented and the prospects for future research in this area were also identified in the review.
Electrification is inevitable in particulate processes due to the contact and frictions between particles and the collisions between the particles and the wall. The charging characteristics of solid particles is influenced by many factors, such as size, velocity and concentration of solid particles, work function, initial charging state and moisture content. Park et al. found that the charges on particles were reduced with the increase of moisture content of the fluidization air [18] . The higher moisture content enhanced the conductivity of solid particles and increased the charge dissipation rate. In addition, Giffin and Mehrani analyzed the effect of air humidity on the wall fouling of the bed due to particle electrification and found that the extent of wall fouling was reduced with higher humidity [19] . The effects of moisture content on the mass flow measurement of pneumatically conveyed particles using electrostatic sensors were investigated by Qian et al. [20] . Taghavivand et al. investigated the drying kinetics and tribocharging behavior of pharmaceutical particles in a fluidized bed dryer [21] . It was concluded that the charge on the particles is a direct indication of the moisture content and the dynamic charge can be used to monitor the drying process. Because of the significant influence of the moisture content on particle charging, intrusive probes and non-intrusive electrodes based on the triboelectic effect and electrostatic induction can be applied to measure the moisture content in the FBDs. Portoghese et al. used triboelectic probes to monitor the liquid concentration and the moisture content in wet fluidized bed [14, 15] . It was found that the electrostatic signal is sensitive to the moisture content below 100 ppm. Triboelectric probes were also applied to monitor the mixing and drying process in a vibrated fluidized bed [16] . However, intrusive probes cannot be installed in food and medicine production processes, which deteriorate the quality of the final products.
In order to ensure the quality of the final products, it is desirable to develop a non-intrusive method for the measurement of moisture content in FBDs. Electrostatic sensing has the advantages of low cost, high sensitivity and fast response. This paper presents the application of a non-intrusive electrostatic sensor array to measure the moisture content in the FBD. The drying kinetics of solid particles in a lab-scale FBD is investigated by changing the superficial air velocity and the inlet air temperature. The relationship between the moisture content and the characteristics of the electrostatic signal is established and then used for on-line continuous measurement of moisture content in the FBDs.
Measurement method

Electrostatic sensor array
Based on the principle of electrostatic induction, electrostatic sensor arrays have been applied to measure the flow parameters of solid particles in pneumatic conveying pipelines [22, 23] and fluidized beds [24] [25] [26] . However, there has been no report on the application of electrostatic sensors to measure the moisture content in FBDs. As a non-intrusive method, the electrostatic senor arrays are installed on the bed wall and the electrodes are strategically mounted to measure the moisture content. As shown in Figure 1 , the electrostatic sensor array used in this study includes four sets of electrodes, which are labeled as A, B, C and D, respectively. Three identical electrodes are included in each set. The distance between the adjacent electrodes should be reasonably small to maintain good similarity between the two signals. Since the inner diameter of the FBD used in the present study is 180 mm, the distance between the two adjacent electrodes is set to 20 mm. In consideration of the amplitude and bandwidth of the signal, the width of each electrode is set to 6 mm. The central angle of the electrode is 60 degree.
The electrodes are made of copper and tightly wrapped around the outer surface of the bed. The thickness of the wall is 5 mm and the relative permittivity of the material is 2.3. The permittivity of the material and the thickness of the wall will affect the capacitance between the charged particles and the electrode, which will further affect the induced charge on the electrode. Through the analysis of the sensitivity distribution of the electrode [24] , it has been found that the electrode is more sensitive to charged particles closer to the electrode, which can provide localized flow information in the bed.
With the application of the sensor array, the moisture content and the flow behavior of the solid particles in different parts of the FBD are obtained. 
Moisture content measurement
The signal conditioning and processing procedure of the electrostatic sensor array is illustrated in Figure 2 . With the movement of solid particles and the fluctuation of the charges, a change in electrical current is detected on the electrode. The current signal is converted into a voltage signal through a preamplifier and then the signal is fed into a second-order low-pass filter with a cut-off frequency of 1000 Hz, which is enough for the dynamic response of the measurement system. Finally, the signal is further amplified through a gain adjustable amplifier. The schematic of the signal conditioning circuit is available in [25] . A grounded metal box was installed outside the electrodes and the circuit boards in order to eliminate external electrical interference and enhance the signal-to-noise ratio.
He et al. [28, 29] proposed the relationship among the induced electrostatic current, the particle charge-to-mass ratio and the bubble rise velocity where Iind represents the induced electrostatic current, qm stands for the particle charge-to-mass ratio and ub represents the bubble rise velocity. The moisture content affects the particle charge-to-mass ratio and hence the induced electrostatic current. In order to measure the moisture content using the electrostatic signals, correlation velocity of the particles is calculated. Since the flow behavior in the FBD is very complex and the flow parameters fluctuate significantly, the correlation velocities from the three electrodes are fused to calculate a more reliable result [25] . Besides, the root-mean-square (RMS) magnitude is used as an indicator of the signal fluctuation. With the knowledge of the correlation velocity and the RMS magnitude of the electrostatic signal, a predictive model for the moisture content is built. As a result, a method for measuring moisture content in the FBDs using electrostatic sensor array is proposed. Figure 2 . Signal conditioning and processing procedure of the electrostatic sensor array.
Experimental setup
Experiments on moisture content measurement were conducted in a lab-scale FBD. Figure 3 shows the experimental setup of the lab-scale FBD, with a temperature and humidity sensor and an electrostatic sensor array installed on the dryer. The material of the FBD is Plexiglas and the inner diameter and the height of the bed are 180 mm and 1000 mm, respectively. The distributor plate used in fluidized bed was made of a thick aluminum plate drilled with 3 mm-diameter holes, giving an opening area of 5%.
Fluidization air was generated from a blower and it was heated to a desirable temperature using an electrical heater. The temperature (T) of the hot air was set to 45, 60 and 75 o C, respectively and the corresponding relative humidity at the inlet of the FBD was found to range from 4% to 5%. The air Table 1 . The solid material used in the experiment was corn particles. The images of the corn particles were captured using a self-developed image acquisition system [30] . The size distribution of the particles was calculated through off-line processing of the images. It is found that the particle size is mainly from 1 mm to 1.8 mm, as shown in Figure 4 . The true density of the particles is 1.1 g/cm 3 , which is provided by the supplier of the material. As a result, the corn particles are considered as Geldart D particles. Figure 4 . Size distribution of the corn particles.
The temperature and humidity sensor (Model HMP110, Vaisala) was installed at the outlet of the bed to measure the temperature and relatively humidity of the exhaust air. The electrostatic sensor array for moisture content measurement was installed 200 mm above the distributor.
Before the start of the experiments, the moisture content of the original particles was measured and they were mixed with water by a mixer to a desirable moisture content. The wet particles were kept in an air tight container for at least 6 hours to ensure uniformity of the moisture content within. Nearly 8 kg wet particles were prepared in each experiment and added to the bed, forming a static bed height of 415 mm. As a result, the electrostatic sensor array was in the dense phase region of the FBD, where the cross-sectional distribution of the solid particles is relative uniform and the fluctuation of the electrostatic signal is not influenced by the spatial distribution of the particles. The heated air was used to dry the solid particles in the FBD and the corn particles were sampled from a sampling port (170 mm above the sensor array) into a sealed glass vial every 5 minutes after the start of drying. When the particles were sampled, the signals from the temperature and humidity sensor and the electrostatic sensor array were recorded simultaneously for 60 seconds using a data acquisition device (Model USB-6363, National Instruments). The moisture content of the sampled corn particles was measured using a Halogen Moisture Analyzer (Model HE83, METTLER TOLEDO). The solids moisture at different times was recorded during the drying process for further investigations.
Results and discussion
Outlet air temperature, relative humidity and moisture content
In practice, the temperature and relative humidity of the exhaust air are key parameters to monitor in the drying process. Figure 5 shows the representative time histories of the temperature and relative humidity of the outlet air during the drying process under the experimental condition of TC3. It can be seen that the relative humidity of the outlet air increases to a nearly saturated value (95%) at the beginning of the drying because the moisture on the particle surface evaporates into the air. After that, the relative humidity of the outlet air gradually decreases as the surface of the particle becomes dry.
Meanwhile, it is found that the temperature of the outlet air gradually increases during the drying process. In the batch drying of solids, the drying rate experiences two phases: the constant drying rate phase and the falling rate phase [31] . The surface moisture on the particle and water in large pores of the particle predominantly influences the constant drying rate, whereas the moisture, which is trapped or bound within the solids, controls the falling rate. The time histories of moisture content under the different conditions are given in Figure 6 . It is found that the solids drying is at the constant drying rate phase and the drying rate increases with the air temperature and the air velocity. In addition, the particles reach the equilibrium moisture content of 6 wt. % after drying for 2 hours. In order to represent the charging characteristics in the FBD, the average RMS values of the electrostatic signals from the twelve electrodes during the drying process are calculated. The relationships between the average RMS value and the moisture content under the same air velocity with different inlet air temperatures are given in Figure 9 . With the decrease of the moisture content from 18% to 10% on weight, the RMS value of the electrostatic signal increases to nearly 1.6 V. It is well known that the RMS value of the electrostatic signal depends strongly on the air velocity in the bed. The relationships between the average RMS value of the electrostatic signals and the moisture content under the same inlet air temperature with different air velocities are also investigated, as shown in Figure 10 . It is found that under the same moisture content, the average RMS value increases with the air velocity. In comparison with the influence of the inlet air temperature on the relationship between the RMS value and the moisture content, the effect of the air velocity is more obvious.
Taghavivand et al. found that the electrostatic charge on the pharmaceutical granules was a function of moisture content and drying air velocity, rather than drying air temperature, which proves the results in minutes, liquid film on the particle surface nearly evaporates and the increase rate of correlation velocity decreases. With further drying, the water in the pores of the particle evaporates and the weight of the particle reduces, thus the spatial-averaged correlation velocity in the FBD still increases. The coefficients a and b in the equation are determined using least square method. For example, based on the experimental data under the air velocity of 0.52-0.57 m/s with different inlet air temperatures, the fitting of equation (3) is shown in Figure 13 . The value of the coefficient of determination (R 2 ) for the fit is 0.93. The coefficients a and b under different air velocities are given in Table 2 . It is found that the coefficient a is inversely related to the air velocity and the coefficient b can be determined by averaging the coefficients from different air velocities, which is set to 1.37. where vc is the correlation velocity determined by the weighted average cross-correlation. Based on the results of correlation velocity and the coefficient a, a power exponent fit is conducted, as shown in Figure 14 , and the R 2 for the fit is 0.99. As a result, the coefficients a and b in equation (3) are determined and the moisture content during the drying process can be predicted using the electrostatic signals from the sensor array. The advantage of the proposed method is that the solids moisture is predicted only from measurements of the electrostatic sensor array. Figure 15 , it is demonstrated that the predicted values using the electrostatic signals from the sensor array are within ±15% of the moisture content from the sampled particles. 
Conclusions
Due to the advantages of non-intrusiveness to the flow, high sensitivity and on-line continuous measurement, an electrostatic sensor array has been arranged in the dense phase region of a lab-scale 
